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ABSTRACT The C-C chemokine receptor 5 (CCR5) plays
a crucial role in facilitating the entry of macrophage-tropic
strains of the HIV-1 into cells, but the mechanism of this
phenomenon is completely unknown. To explore the role of
CCR5-derived signal transduction in viral entry, we intro-
duced mutations into two cytoplasmic domains of CCR5
involved in receptor-mediated function. Truncation of the
terminal carboxyl-tail to eight amino acids or mutation of the
highly conserved aspartate-arginine-tyrosine, or DRY, se-
quence in the second cytoplasmic loop of CCR5 effectively
blocked chemokine-dependent activation of classic second
messengers, intracellular calcium fluxes, and the cellular
response of chemotaxis. In contrast, none of the mutations
altered the ability of CCR5 to act as an HIV-1 coreceptor. We
conclude that the initiation of signal transduction, the pro-
totypic function of G protein coupled receptors, is not required
for CCR5 to act as a coreceptor for HIV-1 entry into cells.

The recent demonstration that select chemokine receptors (1),
including C-C chemokine receptor 5 (CCR5; refs. 2–6), act as
coreceptors in concert with CD4 to mediate internalization of
HIV-1 represents a significant advance in our understanding
of the pathogenesis of acquired immunodeficiency syndrome.
The relative contributions of CD4 and such coreceptors to the
HIV entry process have not been elucidated. Previous analyses
of the CD4 molecule indicated that the intracellular domain
was not essential for this activity (7, 8). Likewise, normal
pathways of CD4 internalization are dispensable for HIV-1
entry (7, 8). Furthermore, CD4 itself is fully dispensable for
cell entry by some strains of HIV-2 (9). Thus, recent studies
have focused on the critical interactions between the HIV
envelope glycoprotein and the coreceptor (10–12), and the
findings are consistent with a possible primary role for these
chemokine receptors in the fusion event.
Chemokine receptors are members of the seven-transmem-

brane domain superfamily of receptors, which activate cells by
coupling to heterotrimeric G proteins (reviewed in refs. 13–
15). A great deal is known about the mechanisms of chemo-
kine-induced receptor activation, including the common
modes of interaction with G proteins (16, 17). In contrast, the
mechanism by which CCR5 facilitates internalization of HIV-1
is entirely unknown. We recently demonstrated that chimeras
of CCR5 that failed to signal in response to chemokines
remained fully functional as coreceptors for HIV-1 (18). These
observations raised the possibility that CCR5 facilitated
HIV-1 entry by a mechanism that was not dependent upon
activation of intracellular signaling pathways. The present

study addresses this hypothesis directly and provides evidence
that neither agonist-dependent signaling nor the ability to
induce chemotaxis is necessary for CCR5 to act as an effective
coreceptor for HIV-1.

MATERIALS AND METHODS

Reagents. Recombinant human chemokines were obtained
from R & D Systems. Indo-1 AM was purchased from Mo-
lecular Probes. Lipofectamine, G418 sulfate, and minimal
essential medium with Earle’s balanced salt solution were
obtained from Life Technologies (Grand Island, NY). Bolton
Hunter reagent was from DuPontyNEN. Fetal calf serum was
obtained from HyClone. [2,8-3H]adenine and myo-[2-
3H(N)]inositol were obtained from DuPontyNEN.
CCR5 Mutations. CCR5 (19) was subcloned into the mam-

malian cell expression vector pCMV-1 (20). To facilitate
determination of surface expression, the prolactin signal se-
quence, followed by the FLAG epitope (DYKDDDDK), was
added at the amino terminus of the wild-type and mutated
forms of CCR5, as described (19). CCR5 was truncated at the
carboxyl end of the receptor by using PCR to introduce stop
codons after Phe-320 (CCR5D1) or Leu-308 (CCR5D2). Mu-
tations of Asp-125 to glycine (D125G), Arg-126 to glycine
(R126G), Tyr-127 to alanine (Y127A), and Phe-135 to alanine
(F135A) were introduced by overlapping PCR as described
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FIG. 1. CCR5 truncations and mutations. Wild-type CCR5 was
truncated by introducing stop codons after Phe-320 (F320, CCR5D1)
or Leu-308 (L308, CCR5D2). Mutations of the indicated amino acids
in the second intracellular loop were introduced by PCR to function-
ally uncouple the receptor.
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(21). All DNA sequence changes were confirmed by dideoxy
sequencing.
Cells. Human embryonic kidney (HEK)-293T cells stably

expressing large T antigen (22) were a generous gift of David
Baltimore (Massachusetts Institute of Technology, Cam-
bridge, MA) and were grown in DMEM supplemented with
penicillin and streptomycin. 300-19 Pre-B cells (23) were a
generous gift of G. La Rosa (Leuko-Site, Cambridge,MA) and
were grown in RPMI medium 1640 supplemented with anti-
biotics, glutamine, and 2-mercaptoethanol (55 mM). Transient
transfections into HEK-293T cells were performed using
Lipofectamine according to the manufacturer’s instructions.
Receptor expression at the cell surface was quantitated by
ELISA (17). Truncated and mutated forms of CCR5 were
expressed at '50% of the level of wild-type CCR5 in these
cells. Stable transfection of 300–19 cells was performed by
electroporation and subsequent selection in medium supple-
mented with 800 mgyml G418. Electroporation was done with

30 mg of DNA and 1.6 3 106 cells in a total volume of 400 ml
of media (250 mV; capacitance, 960 mF). Surface expression of
wild-type CCR5 and CCR5-GGAA in 300–19 cells was ana-
lyzed by flow cytometry and found to be comparable.
Assays. Chemokine binding to CCR5-transfected HEK-

293T cells was determined as described (19). Calcium fluo-
rimetry and determination of cyclic AMP levels were per-
formed as described for CCR2 (24). For the inositol phosphate
assay, the cells were cotransfected with CCR5 and Gqi5, as
described (19). Chemotaxis assays were performed using a
modification of the method of Campbell et al. (25). Briefly,
300–19 cells stably transfected with mutated or wild-type
CCR5 were resuspended in RPMI medium 1640 plus BSA (1
mgyml). After adjusting the cell density to 5 3 106 cellsyml,
500,000 cells in 100 ml were added to the top chamber of a
24-well transwell chamber (6.5-mm diameter, 5-mm pore size,
Costar 3421, Corning Costar) and incubated for 3 h at 378C in
an atmosphere containing 5% CO2. Cells that passed through

FIG. 2. Signal transduction and HIV-1 coreceptor activity mediated by CCR5 and CCR5 truncation mutants. HEK-293T cells were transiently
transfected with CCR5, CCR5D1, and CCR5D2. (A) Inositol phosphate (IP) release. A fold increase of 1.0 corresponds to no activation. Shown
is one of three similar experiments. (B) Calcium mobilization in response to MIP-1b (100 nM). Transiently transfected cells were loaded with
indo-1AM, and intracellular calcium levels were measured as described (24). (C) Inhibition of adenylyl cyclase induced by MIP-1b. Transiently
transfected cells were incubated with forskolin in the presence of the indicated concentrations of MIP-1b, and cAMP levels were determined as
described (24). (D) The HIV-1 coreceptor activity of each truncation mutant was calculated as a percentage of the activity of each wild-type CCR5.
The activity of CCR5 was defined as 100%. HIV-1 coreceptor activity was determined as described (18) using Ba-L. HEK-293T cells were
cotransfected with human CD4 and the indicated chemokine receptor. CCR2 was included as a negative control, and the coreceptor activity of
wild-type CCR5 was set at 100%. (Bars 5 SEM; n 5 4.)
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the membrane were collected from the lower well and counted
in a FACScan (Becton Dickinson). Cell numbers were also
determined using a Coulter counter and found to be in
excellent agreement with the results of the fluorescence-
activated cell sorter analysis. HIV entry analysis was per-
formed using a transient transfection-infection system largely
as described previously (18). In the present studies, HEK-293T
cells were used, and plasmids encoding CD4 and the indicated
chemokine receptor variants were introduced by the calcium
phosphate transfection method.

RESULTS

Cytoplasmic Tail Truncations. To investigate the impor-
tance of signal transduction in the HIV-1 coreceptor activity
of chemokine receptors, we created mutations in CCR5 de-
signed to greatly impair or eliminate its ability to couple to
heterotrimeric G proteins. The first two mutations truncated
the carboxyl-terminal tail of CCR5 from 52 amino acids in the
wild-type receptor (19) to either 20 (CCR5D1) or eight amino
acids (CCR5D2) (Fig. 1). Agonist-dependent signaling by the
two constructs was assessed in transiently transfected HEK-
293T cells. As shown in Fig. 2A, chemokine-dependent phos-
phatidyl inositol turnover by CCR5D1 was similar to that of
wild-type CCR5, whereas CCR5D2 failed to induce detectable
inositol phosphate hydrolysis. Consistent with these data,
agonist-dependent increases in intracellular calcium were ob-
served in cells transfected with CCR5 and CCR5D1 but not
those transfected with CCR5D2 (Fig. 2B). As a third measure
of signaling, the ability of each truncation mutant to inhibit
adenylyl cyclase was examined. As shown in Fig. 2C, CCR5D1,
but not CCR5D2, mediated potent, dose-dependent cyclase
inhibition. Thus, truncation of the CCR5 carboxyl-terminal tail

to ,20 amino acids severely impaired the receptor’s ability to
initiate signaling.
However, for entry of the CCR-dependent HIV strain Ba-L

into cells, CCR5D2 was fully as active as wild-type CCR5 (Fig.
2D). These data suggested that neither an intact carboxyl-
terminal tail nor the ability to activate classic second messen-
gers was required for CCR5 to facilitate internalization of
HIV-1.
Mutations in the Second Cytoplasmic Loop. A second line

of evidence that signaling by CCR5 was not required for HIV-1
coreceptor activity was sought by mutating CCR5 within the
highly conserved aspartate-arginine-tyrosine (or DRY) se-
quence, which represents a motif found at the end of the third
transmembrane domain of many seven-transmembrane do-
main receptors, and is thought to be critical for G protein

FIG. 3. Binding of MIP-1b to cells transfected with CCR5 and
CCR5-GGAA. HEK-293T cells were transiently transfected with
CCR5 (A) or CCR5-GGAA (B) and incubated with 125I-labeled
MIP-1b (5 nM, CCR5; 50 nM, CCR5-GGAA), as described (19).
Shown is the Scatchard analysis of competition binding experiments
with unlabeled MIP-1b. Similar results were obtained with radiola-
beled MIP-1a. One of three similar experiments is presented.

FIG. 4. Signal transduction mediated by CCR5 and CCR5-GGAA
in transiently transfected HEK-293T cells. (A) Inositol phosphate (IP)
release fromHEK-293T cells transfected with CCR5 or CCR5-GGAA
in response to the indicated chemokines (100 nM). A fold increase of
1.0 corresponds to no activation. Shown is one of three similar
experiments. Similar results were seen with up to 600 nM MIP-1a,
MIP-1b, and RANTES (regulated on activation, normal T cell ex-
pressed and secreted). (B) Inhibition of adenylyl cyclase in transiently
transfected cells was determined as described in Fig. 1. The dose-
response curve was obtained with wild-type CCR5 and MIP-1b. No
response was seen to the indicated concentrations of MIP-1a, MIP-1b,
or RANTES in cells transfected with CCR5-GGAA. (Bars 5 SEM.)
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coupling. In an attempt to uncouple CCR5 from both Gai and
Gaq, we mutated Asp-125 to glycine (D125G), Arg-126 to
glycine (R126G), Tyr-127 to alanine (Y127A), and Phe-135 to
alanine (F135A). The resulting receptor, designated CCR5-
GGAA, bound macrophage inflammatory protein 1b (MIP-
1b) with markedly lower affinity than wild-type CCR5 (Fig. 3).
Similar results were obtained with MIP-1a (data not shown).
Addition of CCR5 ligands to CCR5-GGAA-transfected cells
failed to induce detectable phosphatidyl inositol turnover or
inhibit adenylyl cyclase, even when the chemokines were
present at concentrations approximating or exceeding the
dissociation constant for binding (Fig. 4 A and B). Agonist-
dependent increases in intracellular calcium were also not
detected in response to the appropriate chemokines (data not

shown). These results are consistent with a failure of CCR5-
GGAA to couple to G proteins.
Further evidence that the mutated receptor was functionally

uncoupled was obtained using 300-19 cells, a murine pre-B cell
line (23). Stably transfected cells had similar surface expres-
sion of CCR5 and CCR5-GGAA, but the mutated receptor
failed to flux calcium in response to MIP-1b (Fig. 5A) or other
chemokines (data not shown). Chemotaxis is the prototypic
function of the chemokines, and thus represents a biologically
relevant functional assay of receptor activation. CCR5-
transfected 300-19 cells exhibited a classic, biphasic chemo-
tactic response upon incubation with increasing concentrations
of MIP-1b (Fig. 5B). In contrast, CCR5-GGAA-transfected
cells failed to migrate in response to MIP-1b or other chemo-
kines.
Despite the failure to induce chemotaxis or generate second

messengers, CCR5-GGAA remained an excellent coreceptor
for HIV-1 internalization (Fig. 6), consistent with the hypoth-
esis that signal transduction is not a component of this
mechanism.

DISCUSSION

In this study, we mutated two intracellular regions of CCR5 to
determine if signal transduction is a necessary component of
the mechanism by which this receptor acts in concert with CD4
to facilitate internalization of macrophage-tropic strains of
HIV-1. Several lines of evidence support the conclusion that
the coreceptor activity of CCR5 is not dependent upon its
ability to initiate signaling through known G protein-
dependent pathways. First, truncation of the carboxyl-terminal
tail yielded a receptor that failed to induce hydrolysis of
inositol phosphate, inhibit adenylyl cyclase, or mobilize intra-
cellular calcium, but had no adverse effect on HIV-1 core-
ceptor activity. Second, mutation of the highly conserved
aspartate-arginine-tyrosine (or DRY) sequence at the end of
the third transmembrane domain prevented coupling to Gai,
but not coreceptor activity; this mutation also failed to support
agonist-dependent intracellular calcium mobilization and che-
motaxis when stably expressed in a lymphocyte-like cell line,
confirming that the receptor was functionally uncoupled.
Finally, we (data not shown) and others (26) have found that
pretreatment with pertussis toxin, which completely blocks
chemotaxis, has no effect on CCR5 coreceptor activity. We
conclude from these data that agonist-dependent signaling, as
represented by prototypic activation of G proteins and down-

FIG. 5. CCR5-GGAA failed to mobilize intracellular calcium or
induce chemotaxis in 300–19 pre-B cells stably transfected with CCR5
or CCR5-GGAA as described. (A) Calcium mobilization in response
to MIP-1b (100 nM) was measured as described in Fig. 2. (B)
Chemotaxis was determined as described.

FIG. 6. HIV-1 coreceptor activity of CCR5 and CCR5-GGAA in
HEK-293T cells transfected with CD4 and either CCR5 or CCR5-
GGAA, as described in Fig. 2. HIV-1 coreceptor activity was deter-
mined for Ba-L. CCR5 activity was set at 100%. (Bars5 SEM, n5 3.)
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stream pathways, is not required for CCR5 to act as an HIV-1
coreceptor.
We recently showed that a chimeric receptor in which the

amino-terminal extracellular domain of CCR5 was substituted
for the corresponding portion of CCR2 functioned well as an
HIV-1 coreceptor, but failed to signal in response to known
CCR2 or CCR5 ligands (18). These data raised the possibility
that G protein coupling and signaling by CCR5 were not
critical to its function as an HIV-1 coreceptor and were
consistent with reports that pretreatment of cells with pertussis
toxin did not block the ability of CCR5 and CXCR4 to
facilitate HIV-1 internalization (26). Although pertussis toxin
selectively blocks the ability of G protein-coupled receptors to
activate Gai, we and others have shown that chemokine
receptors couple to members of the Gaq family in addition to
Gai (16, 17). It was thus possible that pertussis toxin–
insensitive G proteins were used for coreceptor activity. We
therefore sought to disrupt CCR5 coupling to G proteins by
mutating critical cytoplasmic regions of the receptor. Trunca-
tion of the carboxyl-terminal tail of the angiotensin II receptor
1 impairs coupling to Gai, but leaves Gaq-mediated responses
completely intact (27). Uncoupling from both Gai and Gaq
has been achieved in the angiotensin II receptor 1, b- and
a-adrenergic, and muscarinic m1 receptors by mutation of the
highly conserved DRYXXV(I)XXPL sequence at the end of
the third transmembrane domain (27–30). In the case of
CCR5, signal transduction was effectively abolished either by
truncating the carboxyl tail to eight amino acids or by mutating
the aspartate-arginine-tyrosine (or DRY), sequence to GGA-
LAVVHAVA (CCR5-GGAA). The reduced affinity of che-
mokine binding to CCR5-GGAA was also consistent with
uncoupling of the receptor from G proteins (31). That CCR5-
GGAA remained fully active as an HIV-1 coreceptor provided
strong evidence that the ability to couple to G proteins and
activate classic second messengers is noncontributory to HIV
entry competence.
Agonist-dependent phosphorylation of carboxyl-terminal

tail serine and threonine residues induces desensitization and
internalization of G protein-coupled receptors through the
binding of arrestins (reviewed in ref. 32). Neither serines nor
threonines were retained in the two truncation mutants of
CCR5 (CCR5D1 and CCR5D2) in the present study. Never-
theless, these mutants exhibited robust coreceptor activity for
HIV-1. These observations demonstrate that phosphorylation
of carboxyl-terminal tail serine and threonine residues is
dispensable for viral entry and suggest that the mechanism of
entry of the virus is distinct from the normal agonist-
dependent pathways of receptor internalization. This conclu-
sion is particularly intriguing because the same conclusion was
reached with regard to the CD4molecule (7, 8). The molecular
basis of entry thus remains unknown.
The most thoroughly characterized function of chemokines

is to initiate directed migration, or chemotaxis, of leukocytes.
Since the signaling pathways leading to chemotaxis are not yet
well understood, it was important to directly measure the
ability of CCR5-GGAA to mediate this downstream, func-
tional end point of receptor activation. The failure of cells
expressing CCR5-GGAA to migrate provided further evi-
dence that the mutated receptor was functionally uncoupled
and is also the most direct evidence to date that G protein
coupling is essential for chemotaxis. These data provide strong
evidence that CCR5 acts through a novel mechanism, unre-
lated to G protein activation, in promoting the internalization
of HIV-1.
Recent reports by Wu et al. (12) and Trkola et al. (11) have

demonstrated that in the context of CD4, gp120 binds to CCR5
with nanomolar affinity. Considered together with studies
from our laboratories (18) and others (11, 12), these data
suggest a model in which multiple extracellular domains of
CCR5 interact with gp120 to capture the virus. The molecular

details of how the virus is subsequently internalized are
completely unknown, but the results presented here indicate
that activation of CCR5 is not a necessary component of this
mechanism. Elucidation of the mechanism of viral entry may
reveal important new functional paradigms for seven-
transmembrane domain receptors.
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